Head crests are important display structures in wild bird species and are also common in domesticated lineages. Many breeds of domestic rock pigeon (Columba livia) have crests of reversed occipital feathers, and this recessive trait is associated with a non-synonymous coding mutation in the intracellular kinase domain of EphB2. The domestic ringneck dove (Streptopelia risoria) also has a recessive crested morph with reversed occipital feathers, and interspecific crosses between crested doves and pigeons produce crested offspring, suggesting a similar genetic basis for this trait in both species. We therefore investigated EphB2 as a candidate for the head crest phenotype of ringneck doves and identified a non-synonymous coding mutation in the intracellular kinase domain that is significantly associated with the crested morph. This mutation is over 100 amino acid positions away from the crest mutation found in rock pigeons, yet both mutations are predicted to negatively affect function of the ATP-binding pocket. Furthermore, bacterial toxicity assays suggest that crest mutations in both species severely impact kinase activity. We conclude that head crests are associated with different mutations in the same functional domain of the same gene in two different columbid species, thereby representing striking evolutionary convergence in morphology and molecules.
Introduction
In the domestic rock pigeon, centuries of selective breeding have resulted in dramatic variation in morphological and behavioral traits. Several morphological variants are modifications of plumage traits, including the size, placement, orientation, and color of feathers (Levi 1965 (Levi , 1986 . For example, the head crest of domestic pigeons is a recessive phenotype characterized by reversed polarity of the neck and occipital feathers, causing the feathers to grow ( Supplementary Fig. 2 ), suggesting that this could be a functionally important site (Hanks et al. 1988; Hanks and Hunter 1995) . As expected, the previously reported pigeon-dove F 1 hybrids (Miller and Demro 2011) were heterozygous for the cr pigeon and cr dove mutations ( Fig. 2A) . Their crested ringneck dove parent was homozygous for the cr dove mutation, and this allele has never been detected in any rock pigeon sequenced to date (Shapiro et al. 2013 ).
We genotyped an additional 50 crested and 75 uncrested ringneck doves sampled from multiple breeder lofts in the U.S.A. and Hungary (Supplementary Table 1 ) and found that the G to A mutation was nearly perfectly associated with the head crest phenotype under a recessive model (Chi-squared test, p<0.005; Fig. 2B ). Every crested dove was homozygous for the cr dove allele, and heterozygotes were plain-headed. One dove was homozygous for cr dove but was identified as uncrested by its owner. This may have resulted from sampling error, either in feather collection or phenotype reporting, or incomplete penetrance of the crest phenotype.
Notably, hobbyists report the latter scenario in domestic pigeon breeds that are otherwise monomorphic for simple peak crests that resemble the ringneck dove crest. For example, two peak-crested Indian fantail parents will occasionally produce uncrested offspring (T. Kvidera, L.
Kral, and D. Skiles, personal communication).
EphB2 crest mutations localize to the ATP-binding site
In an effort to understand the biochemical impact of crest mutations on EphB2 function, we located the sites of the predicted amino acid substitutions in the context of the molecular structure for the EphB2 kinase domain from mouse (Protein Data Bank (PDB) id 1jpa; Wybenga-Groot et al. 2001) . Notably, both EphB2 crest mutations replace conserved residues located on the surface of the kinase domain and are positioned very close to the site of ATP 6 binding ( Fig. 3A,B ). Models constructed with the Arg758Cys allele found in crested rock pigeons (cr pigeon ) predicted that a salt bridge between Arg758 and Asp754 would be destroyed (Fig. 3C ). Since Asp754 is known to be essential for ATP catalysis (Hanks and Hunter 1995), this perturbation probably impacts protein function (discussed further below). Likewise, models constructed with the Gly636Arg allele ( Fig. 3D) found in crested ringneck doves (cr dove )
predicted that entry and binding of ATP and exit of ADP would likely become hindered by the large arginine side chain. In this case, the ATP-binding site, normally a tight fit with glycine lining the rim of the entrance in the WT allele (Carrera et al. 1993; Hemmer et al. 1997) , would be blocked. Thus, both the cr pigeon and cr dove alleles of EphB2 are predicted to have deleterious effects on the function of the catalytic domains they encode.
Bacterial toxicity assays suggest crest mutants have reduced kinase activity
Catalytically-active EphB2 is toxic to bacteria (Wiesner et al. 2006) , indicating that it disrupts fundamental cellular processes in bacteria. Based on our structural predictions of mutant EphB2 alleles from rock pigeons and ringneck doves (Fig. 3) , and the fact that dramatic amino acid substitutions in the catalytically active domains of receptor tyrosine kinases can abrogate activity (Wiest et al. 1997; Elder et al. 2001) , we hypothesized that crest mutations would yield proteins with inactive (or substantially underperforming) kinase domains. A predicted consequence of this functional change is that mutant kinase domains would no longer be toxic to bacteria. Accordingly, we performed a bacterial toxicity assay to determine the functional impact of the crest alleles from both species (Fig. 4) (Fig. 4B) . Likewise, independent mutations at the same Pitx1 enhancer site underlie pelvic reduction in different populations of threespine sticklebacks (Shapiro et al. 2004; Chan et al. 2010) , and this same gene probably mediates the same phenotype in certain populations of the related ninespine stickleback as well (Shapiro et al. 2006; Shikano et al. 2013 ). Thus, similar selection pressures have had strikingly similar molecular outcomes in independent populations within and among species, as well as among paralogous genes with similar functions (McGlothlin et al. 2014; Rosenblum et al. 2014 ). These and other examples also highlight another emerging pattern: not only are the same genes involved in convergent evolution among populations and species, but so are specific molecular regions. This pattern suggests constraints on the types of changes that can persist without compromising organismal viability, evolutionary paths of least resistance due to functional considerations, or perhaps properties of the genome itself, such as nucleotide sequences that are especially prone to mutation (Gompel and Prud'homme 2009; Chan et al.
Discussion

2010
; Rosenblum et al. 2014) . A practical consequence of this pattern, predicted long before the arrival of molecular genetic tools (Haldane 1932), is that genetic studies in one population or species can nominate reasonable candidate genes for studies of similar phenotypes in another.
We previously identified an amino acid substitution in the intracellular kinase domain of EphB2 that was perfectly associated with head crests in domestic pigeons, and we leveraged this candidate to find a different mutation in the same domain of the same gene that is associated with the same phenotype in a different species, the ringneck dove. Mutations in these two species are over a hundred amino acids apart in the primary sequence, yet in the folded protein these residues are in close proximity to each other, lining the entrance to the ATP-binding pocket of the kinase domain (Fig. 3) . Modeling of the structural consequences for each mutation suggests that the overall structure of the kinase domain will remain intact but that catalysis and substrate binding will be impacted. The rock pigeon allele, Arg758Cys, likely impacts catalytic efficiency since it is expected to disrupt a salt bridge found between the guanidinium group of Arg758 and the carboxylate of Asp754, a residue that is critical for catalysis (Hanks and Hunter 1995) . In contrast, the ringneck dove mutation, Gly636Arg, probably occludes access to the ATP-binding pocket thereby hindering binding of ATP or release of ADP. In summary, based on modeling of EphB2 kinase domains, the kinase activities of mutant proteins in both crested rock pigeons and crested ringneck doves are predicted to be severely reduced.
While detailed comparative anatomical studies have not been conducted on crested and uncrested pigeons or doves, birds with head crests appear to develop, behave, and fly normally.
In contrast, inactivation of EphB2 in the mouse leads to numerous developmental defects, including severe neurological and cell proliferation deficits (Henkemeyer et al. 1996; Orioli et al. 1996; Holmberg et al. 2006; Risley et al. 2009 
Experimental Procedures Sample Collection
We contacted ringneck dove breeders in the USA and abroad through email or through an announcement published in the March 2013 issue of Doveline magazine, the quarterly newsletter of the American Dove Association (http://www.americandoveassociation.com/html/doveline.html). Breeders interested in contributing samples were sent feather collection packets and instructions. Feathers were mailed to the University of Utah in a return packet, along with detailed phenotypic information for each bird (determined by the breeder). Breeders were specifically instructed to submit samples from birds that were unrelated by grandparent. For samples that had a known familial relationship, breeders submitted pedigree information so that we could avoid pseudoreplication of genetic sampling within families (see Supplementary Table 1) . Importation of international samples was approved under USDA APHIS permit 120863 to MDS.
DNA Extraction
DNA from 128 feather samples was extracted as previously described (Stringham et al. 2012 ). The concentration of each sample was measured using a Nanodrop 2000 (Thermo Scientific, Waltham) and diluted to 10 ng/µL for PCR and Taqman genotyping assays.
Exon Sequencing
Five exons that encode the EphB2 kinase domain (exons 6-10) were amplified by PCR using primers listed in Supplementary Table 2 . Primer pairs were designed from the C. livia reference genome sequence and annotation (Shapiro et al. 2013) . PCR products were purified with either QIAquick PCR purification or gel extraction kits (Qiagen), and then Sangersequenced at the University of Utah Sequencing Core facility.
Sequence Alignment
Sequences for each exon were edited for quality with Sequencher v.5.1 (GeneCodes, Ann
Arbor, MI) and translated with SIXFRAME in SDSC Biology Workbench (http://workbench.sdsc.edu). Peptide sequences were then aligned to other EphB2 amino acid sequences downloaded from ensemble (http://www.ensembl.org) using CLUSTALW (Thompson et al. 1994) in SDSC Biology Workbench.
Taqman Assay
Ringneck doves were genotyped for the cr dove SNP using a TaqMan genotyping assay (Applied Biosystems, Foster City, CA) as described previously (Shapiro et al. 2013) . Primers used to amplify the target and reporter sequences are listed in Supplementary Table 2 .
Protein Models
The position of each crest allele was mapped onto the structure of the mouse EphB2 kinase domain (PDB id 1jpa) by aligning amino acid sequences for mouse, human, and several 
Plasmid Preparation
The nucleotide sequence encoding the kinase domain of EphB2 was PCR amplified from embryonic cDNA isolated from a plain-headed domestic pigeon using primers listed in Supplementary Table 2 . The fragment was cloned into pGex using Gibson assembly (Gibson et al. 2009 ). Gly636Arg and Arg758Cys alleles of EphB2 corresponding to cr dove and cr pigeon , respectively, were generated by site-directed mutagenesis in EphB2 using primers listed in Supplementary Table 2 (Quick-Change Mutagenesis Kit; Stratagene, La Jolla, CA). The region of pigeon EphA4 encoding the kinase domain was PCR-amplified and cloned into pGEX by the same procedure and an R to C mutation was generated in the highly conserved DLAARN motif (analogous to Arg758Cys of the pigeon crest allele) by site-directed mutagenesis. All five plasmids were sequence verified using the standard pGex Forward primer.
Bacterial Toxicity Assay
DH5α cells were transformed with empty pGex plasmid (control) or pGex containing one of five kinase domain inserts: EphB2-WT, EphB2-cr pigeon , EphB2-cr dove , EphA4-WT, and
EphA4-cr pigeon . Transformed cells were grown overnight on LB plates containing 1 mg/mL carbenicillin (LB-carb). Transformants were then passaged through two additional LB-carb plates, and colonies from the last plate were picked and streaked on either a control LB-carb plate or an LB-carb-IPTG plate (containing 1mg/mL IPTG) to induce expression of the kinase domain insert. Five replicates for each plate were then grown overnight at 37°C and imaged to record colony growth. 
